Abstract: With the homemade solid-core silica-based photonic crystal fiber (PCF), we observe the generation of soliton and four-wave mixing (FWM) when the femtosecond pulse is pumped at 0.822 m, belonging to the normal-dispersion regime. It is generally acknowledged that FWM is unrelated to third-order dispersion, whereas we use the fourth-order Runge-Kutta method to simulate the PCF properties by taking into account the third-order dispersion or not; the result we got is different from the conventional one. The numerical simulations are greatly consistent with the experiment results, and the FWM is dominated by negative fourth-order and negative sixth-order dispersion in the experiment. The main dynamic process is explained as the soliton, and the FWM generation can be induced by third-order dispersion. We indicate that low Raman threshold has played a very active role in this process, and we propose a conception of stimulated FWM effect in this paper.
Introduction
The birth of the photonic crystal fiber (PCF) [1] , [2] has opened a new chapter in nonlinear and fiber optics research. The design of the zero dispersion wavelength, selection of the pump wavelength, changes to the pumping position, and the different angles of the laser coupling all have significant impact on the production of the output spectrum. This mainly occurs because the output spectrum is the result of the combination of all kinds of dispersion and nonlinear effects in the PCF. Different effects need to meet different occurrence conditions, for instance, soliton demands in the anomalous dispersion regime and four-wave mixing (FWM) meeting the phase matching condition [3] , etc.
In recent years, supercontinuum (SC) generation has been extensively studied in PCF. It is generally recognized that SC generation is a result of pulse compression and soliton fission in the anomalous dispersion regime, while it is mainly caused by self-phase modulation (SPM) and FWM in the normal dispersion regime. Actually, many dispersion and nonlinear effects can't be ignored in the SC process, such as third-order dispersion (TOD) effect, intrapulse Raman scattering (IPRS) [4] , soliton self-frequency shift (SSFS) [5] - [8] , cross-phase modulation (XPM) [9] , modulation instability [10] , and dispersive wave (DW) generation [11] . Alexander M. Heidt et al. illustrated the Coherent octave spanning SC generation in all-normal dispersion PCF in the visible and near infrared spectral region by SPM and optical wave breaking (OWB) [12] . Zhigang Chen et al. demonstrated the robust generation of near-octave continuum spanning 1.5-3 m wavelength range by the mechanism involves nonlinear soliton compression, Raman selffrequency shift and resonant emission of DWs in PCF pumped by a femtosecond laser at 1.55 m [13] . In [14] , it is indicated that the FWM and the SSFS play pivotal roles in the process of SC generation. The simulation of [4] showed that the TOD effect mainly influences the symmetry and the flatness of spectra in the normal-dispersion regime, if TOD parameter 3 want to exert influence on the spectral intensity, it must do by virtue of the IPRS effect, at the same time, IPRS can also be effected by 3 .
In this paper, we design and draw a solid-core silica-based PCF with a simple structure. When we use no initially chirped hyperbolic secant pulse from a Ti:sapphire femtosecond pulsed laser to pump the PCF at the wavelength of 0.822 m with an average power of 0.64 W, the continuum spectrum is generated from 0.55 m to 0.975 m in the visible and near-infrared region, and two separate wave peaks are achieved in the long wavelength region. We explain various phenomena in experiments through numerical simulation, and draw the conclusion about the main dynamics process which is the optical soliton and the FWM effect induced by third-order dispersion. Fig. 1(a) shows the cross-section of the PCF with un-ordered structure used in the experiment.
Simulations of the PCF Properties
The air holes are basically hexagonally arranged. The air hole radius of r is about 1.1 m, and the pitch of Ã is about 2.7 m. Fig. 1 (b) illustration is obtained from Fig. 1(a) by using the digital image processing technology. It's used to guarantee the accuracy of the simulation. Finite element method (FEM) has been used to analyse the properties of the PCF with the illustration in the paper. And the mode field diagram and the electric field direction of the fundamental mode are also shown in the illustration. Fig. 1(b) shows the variation of the mode-propagation constant of the fundamental mode as a function of wavelength. In the process of simulation, the material dispersion has been considered by the Sellmeier formula. Fig. 1(c) shows the dispersion parameter D and Group-Velocity dispersion (GVD) parameter 2 of the fundamental mode as a function of wavelength. The zero dispersion wavelength is at 0.895 m. Fig. 1(d) shows the third-order dispersion parameter 3 and fourthorder dispersion parameter 4 calculated for the fundamental mode as a function of wavelength, it is easy to see that the parameter 3 is greater than zero from 0.5 m to 2.5 m, while the parameter 4 is less than zero from 0.553 m to 2.427 m. In addition, at wavelength ¼ 0:822 m we also calculated and analyzed the effective mode area of the fundamental model A eff and the nonlinear coefficient , whose values are 5.1744 m 2 and 0.03988 m À1 W À1 , respectively.
Experimental Results and Analysis

Experimental Configuration and Output Spectrum
The experimental schematic diagram is depicted in Fig. 2 . A mode-locked Ti:sapphire ultrafast laser is selected, whose pulse full width at half maximum (FWHM) is 120 fs, repetition rate is 76 MHz and center wavelength is 0.800 m. In order to adjust the incident power, we place a variable optical attenuator into the light path. The 40 X objective lens is used to couple the input laser light to the core of a 4 m PCF. We specify that P in is the average incident power before the 40 X objective lens (This is the power that measured in the position of Fig. 2 by power meter). Two kinds of optical spectrum analyzers (OSA) of Avaspec-2048-USB2 and Avaspec-IR256-NIR-2.5 are used to measure the spectra at the wavelengths from 0.2 to 1.1 m and from 0.9 to 2.5 m in experiment, respectively. Fig. 3 shows the spectrum when the pump wavelength is 0.822 m and P in are 0. peak2, peak3, and peak4, the pump peaks in Fig. 3(a) -(e) look saturated, but the observed spectra in the experiments are not saturated, and the original pump peaks are the standard hyperbolic secant type. The spectral components in the shorter wavelength region are simple when peak 2 transmits in the normal-dispersion regimes, as shown in Figs. 3(a) -(c) and 4(a) and (b), while the clear dispersive wavelength bands (DWB) appear on the short wavelength regions when peak 2 transmits in the anomalous-dispersion regimes as shown in Figs. 3(d) and (e), and 4(c)-(e). All these prove DWB generation is related to the wavelength position of peak 2. The following analysis will show that the peak 2 will transform into soliton to get on with transmission when it is located in the anomalous-dispersion regime.
Simulations of FWM
During the process of FWM, the phase matching condition is [15] - [17] : where 4 is the linear phase mismatch term which can be expressed as 4 ¼ s þ a À 2 p , where s , a and p are the propagation constants of the signal wave (Stokes wave), the idler wave (anti-Stokes wave), and the pump wave, respectively. 4Q is the nonlinear phase mismatch term which is in the region of 0 4Q 4P 0 , where is the nonlinear coefficient, P 0 is the peak power of the pumping. The range of 4Q determines the size of the parametric gain generated by the FWM. When 4Q is 2P 0 , the best of phase match and the maximum parametric gains can be obtained. The edge of parametric gain is determined by zero and 4P 0 . By using (1), Fig. 5 shows the relationships of the phase matching curves of the PCF with the nonlinear phase mismatch 4Q of 4P 0 , 2P 0 , and zero, respectively, when the pump wavelength is 0.822 m and the incident power P in is 0.64 W. In the picture the horizontal axis represents pump wavelength, and the vertical axis represents the signal or the idler wavelength. When the nonlinear phase mismatch is 2P 0 , it means that the signal and idler waves have maximum gain, and we express the situation with red solid line in Fig. 5 . When the nonlinear phase mismatch is 4P 0 and zero, it indicates corresponding to minimum gain situation when the FWM effect occurring, we, respectively, express the two situations with blue short dash and black discontinuity point. The points with the same horizontal coordinate value whose vertical coordinates are greater than the horizontal coordinate and also between the range where 4Q ¼ 0 and 4Q ¼ 4P 0 correspond to the signal wave matching points (see Fig. 5 ). On the contrary, if the vertical coordinates is smaller than horizontal coordinate, these are the idler wave matching points. In order to better show details of the plot, Fig. 5 is divided into (a) and (b): two plans according to the wavelength range.
Simulations show that the corresponding signal wave or the idler wave is discontinuous distributed when the nonlinear phase mismatch is 0 as in Fig. 5(a) , which reflects that the size of the gain boundary is greatly affected by the pump wavelength; in this case, when we select a certain pump wavelength, the gain waveband can be very wide or can be very narrow. By using the two black vertical solids in the 0.797 m and 0.895 m in the figure, the whole pump wavelength ranges are divided into three regions of I, II, and III. In region I, the signal and the idle wave bands which are surrounded by 4Q ¼ 0 and 4Q ¼ 4P 0 under the same pump wavelength are very narrow. It shows that pumping at any wavelength of region I can meet the phase matching condition for the occurrence of FWM, but the range of the gain band is very small. In region III, because the curve of 4Q ¼ 0 does not exist, when FWM occurs, the low gain band of the signal wave gets together with the idle wave, it shows that any pump wavelength in this region can meet the phase matching condition for the occurrence of FWM effect, and the generated signal wave and idle wave are getting completely together. It is easy to generate broadband continuous spectrum. In region II, the curve of 4Q ¼ 0 is not continuous, so when the FWM occurs, the region of the signal wave and the idle wave will greatly depend on the position of the pumping wave. For example, when the pump wavelength is 1 ¼ 0:822 m, the ranges of the signal and idle wave band are region a ð0:839 $ 2:013 mÞ and region b 
Transmission Simulations
It is generally thought that when the pulse is pumped at the normal-dispersion regime, it is difficult to generate optical soliton and FWM effect in the transmission, but in our experiments, they are all clearly observed. FWM is usually considered only related to even-order dispersions. However it is proved that FWM generation can be induced by third-order dispersion in specific conditions in this paper. Usually, in the spectral broadening experiments, the broadening of SPM will be first observed, and then, the broadenings of optical soliton and FWM are observed, but in our experiments, it is found that the occurrence of SPM may lag behind that of the soliton and FWM.
In order to explain the experimental phenomena, we use the fourth-order Runge-Kutta method [18] to solve the generalized nonlinear Schrodinger equation (GNLSE) in [19] , and the frequency-domain and time-domain graphs are plotted with the hyperbolic secant pulse operating wavelengths p of 0.822 m and an average input power of P in ¼ 0:64 W, as shown in Figs. 6-8 ; the loss is not taken into account in the simulation. The 15th-order dispersion is considered in Fig. 6 (i.e., taking into account all the order dispersions below 15th-order). Fig. 6 shows the four wave peaks of A, B, C, and D have been produced, when the transmission distance is only 0.1 m, these several peaks move further away from the pump wavelength with the increase of transmission distance. Fig. 7 shows (a) the experimental and (b) simulated output spectrum with the pulse transmission of 4 m in the PCF. Fig. 7(a) is the enlargement of Fig. 3(e) , which corresponds to the case of transmission distance of 4 m in Fig. 6 . It is observed that the positions of the wave peaks are virtually identical between Fig. 7(a) and (b) and that the experiment research and theory simulation have a very good consistency. Fig. 8 shows the time-domain graphs which take into account different dispersion orders with the transmission distance of 4 m. The third-order and even-order dispersion values used in the simulation are listed in Table 1 . When considering only the second-order dispersion, as shown in Fig. 8(a) , the time-domain amplitude Vol. 7, No. 5, October 2015symmetrically broadens. While considering the third-order dispersion, as shown in Fig. 8(b) , the separated peak 1 is quickly established on the trailing edge of the pulse with the increasing of transmission distance and moves nearly to 53.5 ps after transmitting 4 m, the spectral components become much richer than those with just the second-order dispersion is considered. However, if the fourth-order dispersion is considered, peak 1 moves near to 64 ps after transmitting 4 m, as shown in Fig. 8(c) . When the sixth-order or higher order dispersion is considered, the location of peak 1 is almost unchanged and stays nearly at 70 ps shown in Fig. 8(d)-(f) . While the fourth-order or fourteenth-order except of third-order dispersion is considered in Fig. 8(g ) and (h), the pulse has almost the same symmetric spectrum broadening as shown in Fig. 8(a) . Through the above analysis, we can see that the spectrum will not asymmetrically broaden when we consider all the other dispersion orders except third-order parameters. This indicates the spectrum asymmetric broadening and peak 1 generation are mainly caused by the third-order dispersion parameter. At the same time, we are also aware of that the degree of the spectral broadening has been accelerated by the fourth and sixth-order dispersions when the third-order dispersion is taken into account, and the impact of higher even-order dispersions can be ignored.
When peak 2 transfers in the normal-dispersion regime, as shown in Fig. 3(a) -(c), the spectrum components of short wavelength region is relatively simple, while P in increases to 0.5 W, the peak 2 begins to transfer into the anomalous-dispersion regime, as shown in Fig. 3(d) and (e), the dispersion wave bands from 0.6 to 0.8 m belonging to short wavelength region are observed with the energy attenuation of peak 2. The occurrence of dispersion wavelength bands related to the location's moving of the peak 2 from the normal-dispersion regime to the anomalous-dispersion regime is the typical characteristics of soliton and DW transmission. Therefore, peak 2 translates into a soliton when it locates at the anomalous-dispersion regime. The location of peak 2 is changed by increasing the pump wavelength with the incident power of 0.64 W, as shown in Fig. 4 . The same conclusion can be obtained. Fig. 3 shows that peak 3 and peak 4 have been produced when the average incident power is just 0.2 W (note that the two peaks are not obvious in the picture because the power conversion efficiency is very low.), the two peaks always come in pairs, which is consistent with the phenomena of FWM. In Fig. 7(a) , peak 3 is around 1.37 m and peak 4 is around 0.58 m, which are located in gain bands a and b (shown in Fig. 5 ), respectively. In this situation, FWM generation is possible in theory, but the two wavelengths are not in the complete phase matching curves of 4Q ¼ 2P 0 . In [12] , it is indicated that it is possible that the FWM process does not exactly meet the phase matching condition in PCF. In order to distinguish the traditional FWM, the FWM is named stimulated FWM (SFWM) which is induced by third-order dispersion in a non-complete phase-matching condition. In [10] , [20] , and [21] , it is indicated that when the pulse is pumped in the normal-dispersion regime of the PCF, modulation instability lead by the negative fourth-order dispersion parameter will occur and play a positive role on the FWM effect generation. Our previous work [22] has also proved this point. Fig. 8 shows that the spectral broadening process can been accelerated by the fourth-order and the sixth-order dispersion because of SFWM which is dominated by the negative fourth-order and the sixth-order dispersion. We believe that peak 3 and 4 in Fig. 7 are signal wave and idler wave, respectively. Fig. 3 shows that peak 5 and peak 6 begin to symmetrically appear on both sides of the pump peak 1, when P in increases to 0.64 W. It accords with the characteristics of SPM effect. The lowest incident powers required are 0.20 W and 0.50 W for the SFWM generation (see Fig. 3(a) ) and soliton (see Fig. 3(d) ), respectively. Compared with most experiments, the SPM effect lags behind the SFWM and soliton generation which is obvious in our experiments, it's mainly because that the broadening of SPM is inhibited by the second-order dispersion parameter 2 in normal-dispersion regime [23] . Fig. 7 shows that a depth oscillation is produced between the peak 7 and peak 8 and its oscillation strength suddenly drops very low. In addition, a distinct subsidence area is also formed in the vicinity of zero-dispersion wavelength, because of the impact of 2 [24] .
Silva et al. have found that stimulated Raman scattering can increase the efficiency of the FWM for a certain frequency detuning [25] . In [26] , it is shown that when pump power exceeds the Raman threshold, the rapid transfer of power from the pump wavelength to the longer wavelength region will occur, and it will quickly produce spectral redshift. The Raman threshold is calculated by the approximate equation [26] 
where P cr 0 is peak power of the Raman threshold; A eff is the effective mode area; g R is the Raman gain coefficient; g R % 1 Â 10 À13 = p , where p is the pumping wave (the unit is m); L eff TABLE 1 The third-order and even-order dispersion values of the fundamental mode of the PCF with the pump laser operating wavelength p at 0.822 m is the effective length of the fiber; L eff ¼ ½1 À expðÀ p LÞ= p , where p is the attenuation coefficient of the fiber; and L is the actual length of the fiber.
According to the simulation, when the pump wavelength is 0.822 m, the effective mode area of the fundamental mode is about 5.2 m 2 , which is only one tenth of the typical value. The threshold which is calculated by (2) influencing the Raman Effect to occur is about 31 mW, while the actual peak power of the pump is about 4 Â 10 5 times that of the former value. It is because of the very low Raman threshold that, the obvious stimulated Raman scattering (SRS) effect occurred, then the efficient SFWM is observed in a non-complete phase matching condition in the experiment. All of these have played an important role in the quick generation of peak 2 shown in Fig. 3 and spectrogram smoothness in the short wavelength region in Fig. 3(e) .
As shown in [27] , SSFS can be promoted by IPRS, so the low Raman threshold can also affect the SSFS process by IPRS. In Figs. 3(d) , (e), 4(c)-(e) and 7, considering the low Raman threshold, peak 2 can keep a lot of energy when transferring from the normal-dispersion regime to the anomalous-dispersion regime by increasing pump power or pump wavelength, and transforms into optical soliton to continue transmitting under the joint action of dispersion and nonlinear effects. Then the optical soliton launches the dispersion wave generation into short wavelength region by Cherenkov radiation effect. Numerical simulation in [28] showed that the Raman-induced spectral shift (RIFS), having its origin in the phenomenon of IPRS occurring inside silica fibers, occurs both in the normal and anomalous-dispersion regimes, whose magnitude is related to pulsewidth. The mechanism of production of peak 2 in Fig. 3 can be explained as the RIFS effect, which is affected by pulse broading. As shown in Fig. 3(a) -(c), the reason why peak 2 can be obviously observed in the normal-dispersion regime is that the process of the pulse broadening is largely promoted by SFWM in the experiments. The theory simulation of [28] is demonstrated perfectly in our experiments.
Through simulation and analysis, the cause of unusual phenomenal occurrence in the experiments can be explained by the following: Since 3 is greater than 0 at 0.822 m, the distortion of the pulse shape caused by the TOD effect will result in the tremendous shock in pulse back edge [24] , which will cause asymmetric spectrum broadening produced in the long-wavelength and short-wavelength regions [29] . Because of the very low Raman threshold, with the help of the Raman Effect, the SFWM and soliton can be induced to generate by the third-order dispersion; they accelerate spectral broadening further, and at the same time, the broadening process is accompanied with the nonlinear effects of Cherenkov radiation and SPM as well; all of these effects ultimately produce the observed experimental spectrum.
The Simulation of Spectrum With the Pump Operating at Zero Dispersion Wavelength and at Anomalous-Dispersion Regime
We also simulated the spectrum with the pump operating at zero dispersion wavelength and at anomalous-dispersion regime, as shown in Fig. 9 , to better explain the occurrence of the FWM with the pump operating at normal-dispersion regime. Fig. 9(a) shows that the energy is easily transferred by the way of the soliton and dispersion wave with the pump operating at 0.895 m.
The peaks 1, 2, and 3 are solitons, the peaks 5 and 6 are DWs, and the peak 4 is the signal wave while the FWM generate. From that, we can see that the power conversion efficiency is very high with pump operating at zero dispersion wavelength and the pump power is almost completely converted. Fig. 9(b) shows that the characteristics of soliton-dispersion wave are more obvious with the pump operating at 1.2 m belonging to the anomalous-dispersion regime.
Because of the instability of the parent soliton, the soliton split quickly. The fundamental soliton 4 which has higher energy quickly spread around 1.923 m, and then soliton 3 and 2, which have lower energy also, respectively, spread to 1.666 m and 1.419 m, but the transfer of the energy is not complete, and the energy around the pump wavelength is still very large. Why is there a peak 4 signal wave instead of a soliton? There are two reasons: 1) The peak power of soliton fission is calculated by the equation
where N is the order of the soliton; and k is the ordinal of the fundamental soliton, which comes from the fission of the higher order soliton k ¼ 1 $ N. Obviously, the lower the value of k, the larger the energy. The peaks 1, 2, and 3 in Fig. 9 (a) tally with the formation rule of the fundamental soliton, while the peak 4 obviously does not tally with that. 2) According to Fig. 5 the peak 4 locate in the range of signal wave gain bands. In summary, it is suitable that peak 4 is explained as the signal wave. Fig. 5 also illustrate that the range of the gain band becomes narrow as the pump wavelength increases. When the pump wavelength increases to 1.05 m, the gain band further narrows. It means that as the pump wavelength increases, the phase matching condition for the occurrence of FWM effect is increasingly difficult to meet, and the band gain effect becomes decreasingly less marked. It can be understood as, when the pump wave is in the normal-dispersion regime and the zero dispersion wavelength, the FWM effect is easy to occur for our fiber, and it has played a very positive role for the transfer of the energy. While, when the pump wave is in the anomalous-dispersion regime, the FWM effect is difficult to occur and the transfer of the energy is accomplished by the soliton-dispersion wave effect. Comparing Fig. 7(b) with Fig. 9 , the formation of soliton is difficult because the soliton peaks are formed by many small energy peaks, when the pump wavelength is at 0.822 m and 0.895 m. This is due to the fact that the soliton cannot exist in the normal-dispersion regime, and it can form when the energy is transferred to the anomalous-dispersion regime, whereas the soliton is easy to form when the pump wavelength is at 1.2 m. It can be a mark of our fiber to distinguish between soliton and signal wave.
Conclusion
In summary, we simulate the pulse transmission process by using the fourth-order Runge-Kutta method to solve generalized nonlinear Schrodinger equation in this paper. The process is analyzed from the aspects of the time domain and frequency domain, and the numerical simulations are in excellent agreement with the experiment results. Through the simulation, many unusual phenomena observed in the experiments are well explained. We discover that the SFWM is dominated by negative fourth-order and negative sixth-order dispersion which satisfy the noncomplete phase matching and can be induced and then produced by third-order dispersion with pumping in the normal-dispersion regime in PCF. To the best of our knowledge, the phenomenon is reported for the first time. Comparing the spectrum simulation of pump at normal-dispersion regime, at zero dispersion wavelength, and at anomalous-dispersion regime, we prove that the FWM occurs in the experiment. The PCF used in our paper provides a good model to produce a smooth continuous spectrum in the visible light range and study the TOD effect in the normal-dispersion regime. Also, it is of great significance to study the parameter process, the frequency transfer, and fiber lasers. Meanwhile, the structure of the PCF is simple and easy to fabricate. 
